Introduction
============

The tumor suppressor gene p16 (also called MTS1, CDKN2 and INK4A) is a cyclin-dependent kinase (CDK) inhibitor and a negative cell cycle regulator [@B1]. The inactivation of p16 appears to be a common event in many cancers [@B2]-[@B9]. Conversely, overexpression of VEGF, the primary angiogenic factor that plays a pivotal role in tumor angiogenesis, is strongly associated with tumor malignancy [@B10]. VEGF was shown in breast tumors to be at levels 7-fold higher than in normal adjacent tissue [@B11]. The expression of VEGF markedly contributes to tumor-associated neovascularization and is correlated with malignant transformation of breast cancer (BCa) and poor prognosis [@B12]-[@B16]. Our previous study demonstrated that introduction of exogenous p16 via adenoviral gene transfer downregulated VEGF expression and inhibited angiogenesis in human BCa cells [@B17]. These results imply that p16\'s anti-VEGF/anti-angiogenesis function may contribute to suppression of tumor growth.

Likewise, several other functions of p16, including induction of apoptosis and senescence, have also been studied and correlated to p16\'s anti-tumor/anti-proliferation effects. p16 is able to induce apoptosis of tumor cells: Adenoviral-mediated expression of p16 (Adp16) inhibits ovarian cancer cell growth and causes apoptosis [@B18]. The combined overexpression of p16 and p53, but not p53 alone, induces efficient apoptotic death in a majority of tumors [@B19]. Accumulated evidences have shown that senescence induction is linked to the p16\'s tumor inhibition. Malignant glioma cells showed increased growth arrest and induction of senescence after induction of p16 gene [@B21]. A similar phenotype has also been described in glioma cells following adenoviral-mediated p16 gene transfer [@B22]. Consistent with these studies, we previously demonstrated that senescence was induced in prostate cancer cells either by transduction of Adp16 or by treatment with 5-aza-2\'-deoxycytidine, an agent that demethylates the p16 promoter [@B23],[@B24]. While these emerging data among various cancer cells may suggest a link between certain individual p16\'s function and its potential unique anti-tumor ability through that particular function/pathway, the lack of a systemic and simultaneous analysis for all these p16 features (i.e., effects on tumor angiogenesis, proliferation, apoptosis and senescence) in one cancer cell line hinders the dissection of the role of each p16\'s individual function on its overall anti-tumor effect.

In this study, we individually examined each of p16\'s multiple functions on anti-proliferation, anti-VEGF/angiogenesis, apoptosis and senescence in the BCa cells in order to determine whether p16\'s overall inhibition of BCa cell growth and tumor suppression results from a combined effect from these individual functions. These results may justify and promote the viral-mediated p16 gene therapy as a promising treatment approach for cancer patients due to p16\'s multiple anti-tumor functions at different biological aspects.

Materials and methods
=====================

Cell lines and tissue culture conditions
----------------------------------------

The human BCa cell line MDA-MB-231 and MCF-7 cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA). MDA-MB-231 cells were grown in RPMI-1640 medium (Cellgro, Herndon, VA) with 10% fetal bovine serum (FBS, Hyclone Laboratories, Logan, Utah) and MCF-7 were grown in McCoy\'s 5α medium (Cellgro) with 10% FBS. JygMC(A) (a generous gift from Dr. H. Azuma, Osaka Medical College, Osaka, Japan. Ref 20) and 293 cells (ATCC) were grown in Dulbecco\'s modified Eagle medium (Cellgro) with 10% FBS. All cell lines were grown in medium containing 100 units/ml penicillin, plus 100 mg/ml streptomycin at 37^0^C in 5% CO~2~.

Generation of recombinant adenoviral vectors
--------------------------------------------

The construction of AdRSVp16, a replication-defective, recombinant adenoviral vector expressing a human wild-type p16 cDNA gene under the control of a Rous sarcoma virus (RSV) promoter, was previously described [@B24]. The construction of the control virus, AdRSVlacZ, in which a bacterial ß-galactosidase gene (lacZ) was under the control of the RSV promoter, was also described previously [@B26].

Adenoviral vector preparation, titration and transduction
---------------------------------------------------------

Individual clones of adenoviral vector were propagated in 293 cells. The culture medium of the 293 cells showing the complete cytopathic effect was collected, and adenoviral vectors were purified by BD Adeno-X Virus Purification Kits (BD Biosciences, Palo Alto, CA) according to the manufacturer\'s instructions. The viral titration and transduction were performed by standard procedures as previously described [@B27].

Growth inhibition assay
-----------------------

Cells were plated at a density of 2×10^4^ cells per well in 6‑well plates. After incubation for 24 h, cells were transduced with AdRSVp16 or control virus at a different multiplicity of infection (moi) as indicated. The cell numbers were determined using a Coulter cell counter (Coulter, Hialeah, FL) at indicated days post-transduction. The results represent the data from at least two independent experiments, each performed in duplicate. The student t-test was used throughout this study for the statistical analysis.

Flow cytometry to detect cell cycle distribution
------------------------------------------------

Cells were arrested at G~0~/G~1~ phase by serum starvation by treating cells with 0.5% FBS at 37^0^C for 48 hr [@B28]. After washing the cells, the synchronized cells were replated in fresh medium containing 10%FBS to reentering the cell cycle at 37^0^C for 16 h, and the cells were then untreated or treated with viral transduction. Cellular DNA contents that represented the cell cycle phase (G~0~/G~1~, S, or G~2~/M) were detected by flow cytometry via determination of propidium iodide [@B29]. After trypsinization, cells were washed with PBS and cell pellets were fixed in 70% ethanol at 4^0^C overnight. After being washed twice with PBS, the cells were stained with 50 ug/ml propidium iodide (Sigma, St. Louis, MO), 10 ug/ml RNase A, 0.5% (v/v) Triton X-100 and 0.1% (w/v) sodium citrate for 30 min at room temperature in the dark before fluorescent flow cytometry. The similar approach was used to detect the apoptotic cell population by measuring the pre-G1 phase (apoptotic cell population) of the cell cycle.

Northern blot
-------------

Cells were extracted, and total RNA was isolated using a RNeasy kit (Qiagen, Santa Clarita, CA). Total RNA was loaded on a 1.2% polyacrylamide gel and processed to electrophoresis. Standard Northern blot transfer to a nylon membrane (Hybond‑N^+^; Amersham Life Science, Little Chalfont, UK) was performed as described previously. The cDNA probes of p16, CDK4, and Rb were labeled by \[α‑^32^P\]deoxycytidine triphosphate using the random primer method (Prime‑It II Kit; Stratagene, La Jolla, CA). The membrane was hybridized with the probe in Rapid‑hyb buffer (Amersham) according to the manufacturer\'s protocol. The membrane was exposed to a Kodak x‑ray film (Eastman Kodak, Rochester, NY) between two intensifying ­screens at ‑80˚C for autoradiography. The β‑actin cDNA probe was labeled as described above and used as an internal control for normalization.

ELISA assay
-----------

Cells were grown in 10-cm culture dishes and either untreated or transduced with control virus AdRSVlacZ or AdRSVp16 (at moi=200). After 90-min viral infection, viral medium was replaced with an exact 10 ml fresh medium to each sample dish. The cell medium (supernatant) was collected 72 hr after viral transduction, and cells attached on the culture dish were counted. The supernatant was processed to determine the secreted amount of VEGF~165~ protein by VEGF immunoassay kit (Quantikine VEGF ELISA Kit, R&D Systems, Minneapolis, MN). The procedures followed the methods according to the manufacturers\' manual. The results were normalized based on the same amount of cells analyzed.

X‑Gal staining for senescence‑associated β‑gal
----------------------------------------------

The activity of endogenous ß-galactosidase, the biomarker for cells undergoing senescence, was used to detect any senescent cells. The cells were fixed in 1% glutaraldehyde, 10 mM NaH~2~PO~4~, 150 mM NaCl, and 1 mM MgCl~2~, at 37˚C for 30 minutes. After a brief washing with PBS three times, the cells were then incubated at 37˚C overnight in substrate solution containing 1 mg/ml X‑Gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 150 mM NaCl, 1 mM MgCl~2~, 40 mM citric acid, and 40 mM NaH~2~PO~4~(pH 6.0).

*In vivo* animal model of a xenograft breast tumor growing in mice
------------------------------------------------------------------

Mouse BCa JygMC(A) cells were either untreated, or transduced with AdRSVlacZ or AdRSVp16 at moi of 200. Forty-eight hours after viral infection, the cells were harvested and the viable cell numbers were counted in a hemocytometer using trypan blue exclusion. Cells (1x10^7^ cells per mouse) were injected subcutaneously into the flanks of 8-week-old female nude mice (Harlan Sprague Dawley, Indianapolis, IN). Three groups of mice, with five mice in each group, were formed corresponding to the three groups of cells mentioned above. Mice were monitored every day. All the mice were sacrificed at day 28 post inoculation. The subcutaneous (s.c.) primary tumors were harvested, weighed, and processed to tumor sections for immunohistochemical (IHC) staining for proliferating cell nuclear antigen (PCNA) and CD31 expression.

Immunohistochemistry staining of tumor sections
-----------------------------------------------

For tumor sections derived from JygMC(A) s.c. tumors grown on nude mice (see above), samples were processed for IHC staining as described previously [@B24]. The tumor sections were first incubated with 1% H~2~O~2~ for 30 minutes, then incubated with primary antibody either against PCNA (Santa Cruz Biotech, Santa Cruz, CA) or against CD31 (Pharmigen, BD Biosciences, San Diego, CA) for 16 h at 4ºC, and followed by corresponding secondary antibody and a Universal Elite avidin-biotin complex kit (Vector Laboratories, Burlingame, CA) according to the manufacturer\'s protocol. The reaction was visualized with DAB solution (0.5 mg of 3,3\'‑diaminobenzidine in 0.01% H~2~O~2~-PBS) for 1 to 4 min.

The quantitation of CD31 staining was represented as microvessel density, which was measured by the method as described before [@B31],[@B32]. In brief, the areas of highest neovessel density (so called "hot spots") were identified by light microscopy after scanning the entire tumor section at low power. Then, individual microvessels were counted at high power (x200 field) in an adequate area (e.g., 0.74 mm^2^ per field using x20 objective lens and x10 ocular). Any CD31-positive stained endothelial cells or clusters separated from adjacent vessels were counted as a single microvessel, even in the absence of vessel lumen. Five randomly selected "hot spots" field were counted from each tumor (at least 3 tumors/per mouse group) and the mean ± SD were represented in the figure. Likewise, the PCNA-positive cells were quantitated by counting in 5 random fields and the mean and standard were presented.

TUNEL assay
-----------

For the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay, the xenograft breast tumors (untreated control tumors, control virus or AdRSVp16 treated tumors) growing in nude mice were harvested at necropsy, fixed with freshly prepared 10% buffered neutral formalin (Fisher Scientific, Fair Lawn, NJ) overnight at room temperature, dehydrated in a gradual series of ethanol, and embedded in paraffin. Tissue sections were cut 4 mm thick, mounted on Superfrost Plus glass slides (Fisher, Scientific, Pittsburgh, PA), deparaffinized with xylenes, rehydraded in a gradual series of ethanol, washed in H~2~O and subjected to TUNEL staining by using the *In Situ* Cell Death Detection Kit (Boehringer Mannheim, Indianapolis, IN) according to the manufacture\'s instruction. The TUNEL-stained cells were counter-stained with propidium iodide (Sigma, St. Louis, MO) and visualized by fluorescence microscopy.

Results
=======

p16 inhibits growth of BCa cells *in vitro*
-------------------------------------------

To determine the effects of ectopic p16 expression on BCa cell growth *in vitro*, human BCa MDA-MB-231 cells were transduced with AdRSVp16 at different moi for 5 days (dose-dependent assay) or at moi of 200 for various days (time-dependent assay). As a control for adenoviral transduction, AdRSV2C9, an adenoviral vector that expressed an unrelated gene was included as a control virus. The results showed that AdRSVp16 significantly inhibited the growth of MDA-MB-231 cells in both dose-dependent (Fig. [1](#F1){ref-type="fig"}A) and time-dependent (Fig. [1](#F1){ref-type="fig"}B) manner by comparing to the untreated control or control virus-transduced cells (Fig. [1](#F1){ref-type="fig"}).

To further examine whether p16 could inhibit other BCa cells in general, two more BCa cell lines, MCF-7 and JygMC(A), along with MDA-MB-231 were used for growth inhibition assay. The BCa cells were transduced with AdRSVp16 or control virus at moi=200, or no virus, respectively, and the cell numbers remained attaching on the culture dishes after five days were counted. We found that AdRSVp16 significantly inhibited the cell growth in all these BCa cells, with 49.2%, 59.1% and 40.5% inhibition of MDA-MB-231, MCF-7, and JygMC(A), respectively, compared to their untreated control counterparts (Fig. [2](#F2){ref-type="fig"}).

p16 inhibits BCa cell division
------------------------------

To examine p16\'s effect on cell cycle distribution, a flow cytometry analysis was performed on synchronized MDA-MB-231 cells at different time after AdRSVp16 infection. In comparison to the untreated control or control virus treated cells, AdRSVp16-transduced MDA-MB-231 cells showed a significant accumulation of G~0~/G~1~ phase (cell-cycle-arrest cell population) and reduction of S phase of cell population over time (Table [1](#T1){ref-type="table"}). These results demonstrated a clear p16-mediated cell cycle arrest and inhibition of cell division. This apparent cell cycle arrest by p16 accounted primarily for the *in vitro* growth inhibition of MDA-MB-231 cells by AdRSVp16 (Fig. [2](#F2){ref-type="fig"}).

p16 downregulates CDK4 expression
---------------------------------

p16 is a cyclin-dependent kinase (CDK4/6) inhibitor and a negative cell cycle regulator: by sequestering CDK4, p16 prevents the activation of CDK4/cyclin D, a complex which phosphorylates Rb protein to promote cell cycle progression [@B32]. We were interested in investigating whether ectopic p16 expression in MDA-MB-231 cells would directly affect expression level of CDK4 and Rb, two key components responsible for the cell\'s orderly transition through the cell cycle. As shown in Fig. [3](#F3){ref-type="fig"}, ectopic p16 expression in MDA-MB-231 cells significantly reduced CDK4 mRNA expression while it had no detectable effect on Rb mRNA level. These results suggest that p16 may inhibit cell growth partially by directly reducing expression of CDK4 mRNA, in addition to p16\'s well-known inhibitory effect on activity of CDK4/6 by direct binding to them [@B46]. Also as shown in the Fig. [3](#F3){ref-type="fig"}, the AdRSVp16-transduced MDA-MB-231 cells had an apparent induction of p16 mRNA as expected, confirming the functional gene transfer and expression of p16 by AdRSVp16.

p16 inhibits VEGF ligand secretion in MDA-MB-231 cells
------------------------------------------------------

As illustrated by our previous studies that ectopic p16 downregulates gene expression at the mRNA level of VEGF in MDA-MB-231 [@B17] and JygMC(A) cells [@B43], an angiogenic factor that plays pivotal role in the tumor angiogenesis, we intended to establish a cause-result relationship between p16\'s effect on VEGF production and angiogenesis. To determine whether p16 modulates the secretion of VEGF at the protein level, the active ligand form to the VEGF-mediated tumor angiogenesis, MDA-MB-231 cells were either untreated or transduced by control virus or AdRSVp16, and 72 h later the cell culture medium was collected to analyze the secreted form of VEGF protein by ELISA assay. The ELISA results showed that AdRSVp16-transduced MDA-MB-231 cells had significantly less VEGF protein (66% inhibition) secreted into the medium compared to untreated control cells (Fig. [4](#F4){ref-type="fig"}).

AdRSVp16 induced senescence in MDA-MB-231 cells
-----------------------------------------------

To determine whether the AdRSVp16 treated MDA-MB-231 cells were undergoing senescence, senescence‑associated β‑galactosidase at pH 6.0 was measured by X-gal staining. Whereas both untreated and control virus‑transduced MDA-MB-231 cells had no detectable blue staining, AdRSVp16‑transduced cells demonstrated the characteristic senescence‑associated blue stained cytoplasm (Fig. [5](#F5){ref-type="fig"}C). The morphologic changes of AdRSVp16-transduced cells were also noticed: the AdRSVp16‑transduced MDA-MB-231 cells were larger and flatter (Fig. [5](#F5){ref-type="fig"}C) than untreated (Fig. [5](#F5){ref-type="fig"}A) and control-virus treated cells (Fig. [5](#F5){ref-type="fig"}B).

p16 does not significantly affect proliferation inside breast tumor *in vivo*
-----------------------------------------------------------------------------

JygMC(A) breast tumors were established by s.c. injection of JygMC(A) cells that had been *ex vivo* transduced with either nothing, AdRSVlacZ or AdRSVp16 (*ex vivo* transduction at moi=200 for 48 h before injection), respectively. The tumors were harvested at necropsy and processed to tumor sections. The tumor sections were further subjected to IHC staining for proliferation marker PCNA inside the tumors (Fig. [6](#F6){ref-type="fig"}). PCNA expression was quantitated by counting the positive-stained cells in five randomly selected fields and the averages were presented and compared among the groups (Fig. [7](#F7){ref-type="fig"}). We found that p16 did not cause significant changes in the PCNA expression inside the tumors, implying that the suppression of the tumor mediated by p16 expression may not primarily result from p16\'s cell-cycle arrest function.

p16 induces apoptosis both *in vitro* and *in vivo*
---------------------------------------------------

Previous studies by others showed that p16 is able to induce cervical cancer cells to undergo apoptosis [@B19]. As p16-mediated apoptosis may also serve as one of the means that contributes to p16\'s global inhibitory effect on BCa cell growth, we were interested in determining whether p16 causes any apoptosis in the BCa cells. To investigate whether p16 increases apoptotic population of the cells following AdRSVp16 transduction *in vitro*, AdRSVp16-transduced MDA-MB-231 cells were analyzed by flow cytometry following propidium iodide staining. As shown in Table [2](#T2){ref-type="table"}, the apoptotic population, as indicated by pre-G~1~ phase, was noticeably higher in AdRSVp16-transduced cells (12.9%) than observed for untreated (2.89%) and control virus transduced (3.47%) counterparts. Likewise, TUNEL staining of the tumor sections harvested from AdRSVp16-treated tumors revealed a significant apoptosis (as indicated by bright yellowish fluorescence-stained cells) (Fig. [8](#F8){ref-type="fig"}B) compared to that of untreated tumors (Fig. [8](#F8){ref-type="fig"}A) and control virus treated tumors (not shown).

p16 inhibits breast tumor angiogenesis
--------------------------------------

To analyze p16\'s effects on anti-angiogenesis *in vivo*, the above-mentioned mouse tumor sections were subjected to IHC staining for neovascularization marker CD31 (Fig. [9](#F9){ref-type="fig"}). The AdRSVp16-treated tumor had much less CD31 expression (dark brown staining, Fig. [9](#F9){ref-type="fig"}D) compared to the untreated tumor (Fig. [9](#F9){ref-type="fig"}B) or control-virus treated tumor (Fig. [9](#F9){ref-type="fig"}C), suggesting that p16 expression inhibited tumor vascularization *in vivo*. These dark brown staining are specific for CD31 protein; because the negative control, in which the same IHC protocol on untreated tumor section was performed except for the omission of the use of the anti-CD31 primary antibody, did not show any positive dark brown color (Fig. [9](#F9){ref-type="fig"}A). The quantitation of CD31 expression (presented as microvessel density, not shown) indicated that AdRSVp16-treated tumors had a 74% inhibition of angiogenesis compared to the untreated control whereas the control virus-treated tumors only had an insignificantly minor inhibition. These results suggest p16 expression inhibited microvessel formation, or angiogenesis, inside the tumors.

Examining the results of TUNEL assays and IHC staining of PCNA and CD31 from the tumor sections, we noticed that the difference between the AdRSVp16-treated tumors and the control virus-treated tumors in CD31 staining (Fig. [6](#F6){ref-type="fig"} & Fig. [7](#F7){ref-type="fig"}) and TUNEL signal (bright yellow color, Fig. [8](#F8){ref-type="fig"}) appear much greater than that in PCNA signals (Fig. [6](#F6){ref-type="fig"}). These results indicate that p16 significantly inhibits angiogenesis (Fig. [9](#F9){ref-type="fig"}) and induces apoptosis (Fig. [8](#F8){ref-type="fig"}) *in vivo* while causes an insignificant change in PCNA expression (Fig. [7](#F7){ref-type="fig"}), implying p16 may have a greater effect on apoptosis/anti-angiogenesis than on anti-proliferation *in vivo*; namely, p16 may inhibit breast tumor *in vivo* growth primarily through anti-angiogenic effects.

Discussion
==========

In summary, our studies have shown that adenoviral-mediated p16 expression inhibits BCa cell growth, blocks cell division, decreases VEGF secretion, induces senescence and apoptosis, and suppresses angiogenesis in BCa cells. To our knowledge, this study is the first report that simultaneously examines these multiple p16-mediated functions relevant to its global anti-tumor ability in one tumor cell system. These data together suggest that p16-mediated tumor suppression results from the combined effects of several p16\'s anti-tumor functions. Among them, some appear to contribute more than others; the effect of the same functions may vary from the *in vitro* to *in vivo* conditions.

Angiogenesis is an essential prerequisite for aggressive tumor proliferation and malignant progression as it provides nutrients and oxygen to the growing tumor [@B34],[@B35]. This process (tumor angiogenesis) requires several angiogenic factors, primarily VEGF [@B36]-[@B38]. The level of VEGF expression is correlated to the tumor-associated neovascularization and malignancy of the BCa specimens [@B12]-[@B16] while p16 expression inversely correlates with breast tumor malignancy. The downregulation of VEGF expression by ectopic p16, as shown by our previous studies [@B17], prompts the link of p16\'s ability on anti-angiogenesis. As confirmed by this study, p16 indeed suppresses tumor angiogenesis in terms of neovacularization; these results suggest that p16\'s anti-VEGF/angiogenesis effect may play an important role in p16\'s global effects on tumor suppression.

In our BCa model, ectopic p16 expression mediated by adenoviral vector significantly inhibited cell proliferation *in vitro* (Fig. [2](#F2){ref-type="fig"}), effectively blocking cell division and causing cell-cycle arrest at G~0~/G~1~ phase in BCa cells *in vitro*as indicated by cell cycle analysis (Table [1](#T1){ref-type="table"}). Interestingly, we did not observe a significant difference in PCNA staining (marker for dividing cells or cell proliferation) between AdRSVp16-treated tumors and control tumors (Fig. [7](#F7){ref-type="fig"}) in our mouse model. In contrast, we observed a dramatic increase on TUNEL signals (indicating increased apoptosis) (Fig. [8](#F8){ref-type="fig"}) and significantly reduced CD31 staining (marker for neovascularization) (Fig. [9](#F9){ref-type="fig"}) in AdRSVp16-treated tumors compared to its controls. Based on the results from tumor sections in our mouse model, p16 appears to have a greater effect *in vivo* on anti-angiogenesis and induction of apoptosis than on anti-proliferation. In other words, these combined data imply that p16 may inhibit breast tumor *in vivo* growth primarily through anti-angiogenic effects.

The growth inhibition mediated by AdRSVp16 in our study is mainly from p16\'s effect, not from viral vector *per se.* Because we observed a similar growth inhibition in inducible p16 system in MDA-MB-231 cells: MDA-MB-231 cells stably expressing Tet-on p16 (MDA/Tet-on p16) had tightly regulated, inducible p16 expression under inducer doxycyclin (Dox) [@B45]. By compared to MDA/Tet-on p16 cells without Dox, the cells with Dox (p16-expressing) had 45.6% inhibition on cell growth [@B45]. While AdRSVp16-transduced MDA-MB-231 cells had a slightly higher inhibition of 49.25% compared to the untreated control (Fig. [2](#F2){ref-type="fig"}); the difference implies that adenoviral vector *per se* at moi=200 might cause some minor growth inhibition, as reflected by a minor inhibition of cell growth by the control vector (Fig. [2](#F2){ref-type="fig"}). However, the consistent results from MDA/Tet-on p16 cells have corroborated p16\'s anti-proliferation effect by AdRSVp16.

Numerous reports have shown that p16-mediated gene transfer can effectively suppress various cancer growth both *in vitro* and *in vivo* including in prostate cancer [@B39], glioma [@B40], cervical cancer [@B19], ovarian cancer [@B18], and colon cancer [@B19]. Consistently, our previous studies have also indicated that adenoviral-mediated p16 gene transfer inhibited tumor growth of prostate cancer [@B24],[@B42] and BCa [@B17], and suppressed angiogenesis [@B17] and metastasis [@B43] in BCa. While the majority of these studies correlated the p16\'s anti-proliferation effect to the anti-tumor ability, the exploration of other p16\'s functions related to this matter, especially the anti-angiogenesis property, is under-investigated. Our studies showed that p16 inhibits BCa angiogenesis by suppressing VEGF expression [@B17],[@B44] and secretion (Fig. [4](#F4){ref-type="fig"}). p16 appears to downregulate VEGF gene expression at the transcriptional level [@B44] and our ongoing studies revealed that p16 directly binds to HIF-1α, the transcriptional regulator of the VEGF gene, and alters HIF-1α\'s cellular localization from the nucleus to the cytoplasm [@B43],[@B44]. This finding suggests a potential mechanism responsible, at least in part, for p16\'s global anti-tumor effects is through p16-mediated anti-VEGF/angiogenesis function.

Moreover, our other recent studies revealed that p16 inhibits HIF-1α/hypoxia-promoted cell migration in MDA-MB-231 cells [@B45]. As cell migration plays an important role in the multiple-step process of metastasis, and hypoxia is the unique characteristic of tumor microenvironment, the anti-migration by p16 may reflect another potential p16\'s anti-tumor property. This is probably due to the observation that p16 can neutralize the effect of HIF-1α [@B44], the transcriptional factor regulating cellular responses under hypoxia. Furthermore, our ongoing project also showed a preliminary result that MDA-MB-231 cells transduced with AdRSVp16 had a moderate reduction of Flk-1 (VEGF receptor 2) protein expression (not shown), suggesting that p16 may block the VEGF signaling pathway at two levels: one at the ligand level by downregulating VEGF; and the other probably at the receptor level by reducing Flk-1 expression.

BCa is the most frequently diagnosed cancer and the second leading cause of cancer deaths in American women today. It is estimated that there were 207,090 new cases and 39,840 deaths of BCa in the United States in 2010 [@B41]. Research studies focusing on BCa treatment have increased dramatically in recent years. Some therapies appear to be effective with respect to the primary tumor. However, there are still no effective approaches to prevent and cure tumor metastasis, the ultimate cause of death for BCa patients. The relative success of controlling primary tumorigenesis has been confounded by a general failure to substantially reduce BCa deaths. Thus, a critical need exists to understand and develop effective treatments for those parameters contributing to BCa metastasis. As angiogenesis is an essential prerequisite for tumor metastasis, p16-mediated anti-VEGF/anti-angiogenesis should provide an effective mean to suppression of metastasis.

The lack of or decreased expression of tumor-suppressor-gene p16 is widely observed in many cancers including BCa [@B25],[@B30]. In our study, all three BCa cell lines used in this study, MDA-MB-231, MCF-7 and JygMC(A), are p16 negative [@B17],[@B43] whereas MDA-MB-231 is estrogen receptor (ER)-negative and MCF-7 is ER-positive. These results indicate that restoring wild-type p16 in BCa cells can effectively inhibit BCa cells growth and tumor suppression regardless of the ER status of BCa, suggesting that p16 gene transfer may have a wide clinical application for the treatment of BCa patients. In summary, with p16\'s combined effects on induction of senescence and apoptosis, inhibition on cell proliferation, VEGF expression and angiogenesis in BCa, p16 gene therapy may provide an effective therapy for BCa and prolong patients\' survival when used in conjunction with other conventional therapeutic modalities such as radiation and chemotherapy.

This research project was partially supported by NIH grants DK65962 (YL) and CA107162 (YL). We thank Andrew Lu for reviewing the manuscript.

![**Growth inhibitory effect of AdRSVp16 on MDA-MB-231 cells.**(A) Dose-effect curve. Cells were plated in 6-well plates; after 24 h incubation, cells were either untreated or transduced with indicated moi control virus (AdRSV2C9) or AdRSVp16. Cell numbers were counted using a Coulter cell counter at 5 days post-transduction. (B) Time-effect curve. Cells in 6-well plates were untransduced or transduced with moi of 200 control virus or AdRSVp16. Cell numbers were counted using a Coulter cell counter at indicated days post-transduction. Data represent the results performed in duplicate.](jcav03p0333g01){#F1}

![**Effect of AdRSVp16 on growth of breast cancer cell lines.**MDA-MB-231, MCF-7 and JygMC(A) cells were untreated or transduced with either control virus or AdRSVp16 (moi=200). Cell numbers were determined using a Coulter cell counter at day 6 after viral infection. The data represent results from two independent experiments, each performed in triplicate.](jcav03p0333g02){#F2}

![**Northern blot analysis of pl6 mRNA in MDA-MB-231 cells following AdRSVp16 transduction.** Cells were transduced with control virus or AdRSVp16 (moi=200) for 48 h and then the total RNA were isolated from the cells. Sample wells were each loaded with 10 μg of total RNA of each samples on a 12.5% agarose gel, electrophoresed and transferred to a nylon membrane, and hybridized with ^32^P‑labeled cDNA probes of Rb, CDK4, and pl6, respectively. The same blot was also hybridized with housekeeper gene β‑actin ^32^P-labeled cDNA probe as an internal control.](jcav03p0333g03){#F3}

![**p16 decreased VEGF secretion by MDA-MB-231 cells.** Cells were grown in medium containing charcoal-stripped serum. Cells were either untreated or transduced with control virus AdRSVlacZ or AdRSVp16 at moi of 200. The cell medium was collected 72 hrs after viral transduction and subjected to VEGF determination by ELISA assay using a kit designated for human VEGF~165~ (Quantikine VEGF ELISA Kit, R&D Systems, Minneapolis, MN). The normalized results based on an equal amount of cells in each group are shown here.](jcav03p0333g04){#F4}

![**Induction of senescence by AdRSVp16 in MDA-MB-231 cells.** Cells were untransduced (A) or transduced with 200 moi control virus AdRSV2C9 (B) or AdRSVp16 (C). After incubation for 6 days post-infection, the senescence‑associated β‑gal was detected by X‑Gal staining (original magnification, x66).](jcav03p0333g05){#F5}

![**p16 does not affect PCNA expression in breast tumors.**Allograft breast tumors were established in nude mice by the subcutaneous injection of JygMC(A) cells, either untreated or had been transduced (moi=200 for 24 hr) with control virus or AdRSVp16. The tumors were harvested 28 days after inoculation and tumor sections were subjected to immunohistochemical study using a primary antibody against PCNA. Shown are representative sections of PCNA staining for tumor sections from untreated control (A), control virus treated (B) and AdRSVp16 treated (C) mice. D is a negative control in which the primary antibody was replaced by preimmune immunoglobulin G. The insert table is the quantitative presentation of above data by counting the PCNA positive cells in five randomly chosen fields in each group under the microscope. The average and the standard error are presented.](jcav03p0333g06){#F6}

![**Quantitation of PCNA staining in breast tumors.**The PCNA staining from Figure [6](#F6){ref-type="fig"} is quantitized by counting positive PCNA-stained cells in five random fields. The mean and S.D. from each group are presented.](jcav03p0333g07){#F7}

![**p16 induces apoptosis in breast tumors.**Allograft breast tumors (see Fig. [6](#F6){ref-type="fig"} legend) were collected and the tumor sections were subjected to TUNEL staining using the In situ Cell Death Detection kit. The sections were counterstained with propidium iodide (red). The apoptotic cells were illustrated by bright yellow color. Shown are the images of tumor section from untreated control (A) and AdRSVp16 treated (B) mice. Tumor section from control virus AdRSVlacZ-treated mice showed results similar to those in A (not shown). Original magnification, 40x. The apoptotic cells were counted in five random selected fields under a 20x magnification lens, the mean and S.D. of apoptotic cells in untreated control, AdRSVlacZ-treated and AdRSVp16-treated tumor sections are 16±2, 17±3, and 140±11, respectively. The differences of apoptotic cells between AdRSVp16-treated group and the other two groups are significant (p\<0.05).](jcav03p0333g08){#F8}

![**p16 inhibited angiogenesis in breast tumors.**The s.c. allograft tumors were harvested at day 28 post tumor cell implantation. The tumor sections were analyzed by immunohistochemistry using anti-CD31 primary antibody, followed by appropriate secondary antibody and procedures as described in Fig. [1](#F1){ref-type="fig"} legend. Shown are CD31 staining for tumor section from untreated control (B), control virus treated group (C), and AdRSVp16-treated group (D). A is a negative control in which the primary antibody was replaced by preimmune immunoglobulin G.](jcav03p0333g09){#F9}

###### 

Cell population analysis by flow cytometry

  ------------------------------------------------------------
  Days   Cells            G~0~/G~1~(%)   S(%)     G~2~/M (%)
  ------ ---------------- -------------- -------- ------------
  2      Untreated\       59.45\         29.34\   11.21\
         Control virus\   53.91\         30.87\   15.21\
         AdRSVp16         74.36          14.72    10.92

  4      Untreated\       52.33\         33.49\   14.17\
         Control virus\   57.05\         26.88\   16.08\
         AdRSVp16         75.11          9.24     15.65
  ------------------------------------------------------------

MDA-MB-231 cells were synchronized by serum starvation in 0.5% FBS at 37^0^C for 48 h. The synchronized cells were replated in the medium containing 10% FBS to reentering the cell cycle at 37^0^C for 16 h, then the cells were transduced with control virus or AdRSVp16 at moi of 100. Cells were harvested at different time points post-transduction and analyzed for cell cycle distribution via propidium iodide staining as described in "Materials and Methods". The averages of the results from at least two independent experiments are presented.

###### 

Apoptotic cell population (pre-G~1~) analysis by flow cytometry

  Cells           pre-G~1~/apoptosis (%)   sum of remaining cell population (G~0~/G~1~, S and G~2~/M) (%)
  --------------- ------------------------ ----------------------------------------------------------------
  Untreated       2.89                     97.11
  Control virus   3.47                     99.53
  AdRSVp16        12.9                     87.1

MDA-MB-231 cells were either untreated or transduced with control virus (AdRSVlacZ) or AdRSVp16 at moi of 100. Both attached cells and cells in supernatant were collected at day 5 post viral transduction, stained with propidium iodide and processed for fluorescent flow cytometry as described in Materials and methods section. The percentages of cell population at pre-G~1~ (apoptosis) phase are presented. The averages of the results from at least two independent experiments are presented.
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